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Abstract


The paper reports on a new transmission concept for tracked vehicles, named Transmission with Independent Turning Radii (TITR). The essentials of the transmission concept are given and some specifics of  tracked vehicles steering kinematics are pointed out. The compliance of the TITR transmission kinematics with the steering kinematics of a tracked vehicle is shown and its benefits concerning the efficiency in steering and the effectiveness are demonstrated by results taken from the field tests of a TITR transmission developed for repowering the T 72 tank.  


1 Introduction


Transmission with Independent Turning Radii (TITR) is a new transmission concept for tracked vehicles. It was conceived, and on the bases on it was developed a transmission, for repowering the T 72 tank. The essential of the TITR concept is a free arrangement of the kinematic (fixed) radii [1]. Thus, it is a specific transmission kinematics conceived for the  sake of better compliance  with the steering kinematics of tracked vehicles, i.e. with the needs of a tracked vehicle.
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Figure 1: Transmission with Independent Turning Radii


The TITR transmission consists of two complex gearboxes, Fig. 1. Each of them integrates a straight ahead gearbox and a steering gearbox which provides a steering gear for each straight ahead gear, i.e. determines an adequate kinematic (fixed) turning radius for each straight ahead gear. In this way, the value of a kinematic (fixed) turning radius can be freely chosen and it can be put into any part of the steering area.





The transmission works in the following manner:


In straight ahead motion both of the gearboxes are in a straight ahead gear. The steering is performed by disengaging the straight ahead gear at the inner side and then by engaging the corresponding steering gear. The disengagement and engagement of the gears are being performed progressively, by sliding of clutches. Straightening is being performed by opposite action.





The TITR transmission is a mechanical solution which belongs to the transmission systems for tracked vehicles providing non-kinematic guidance, which means that steering is performed by control of the acting force on the inner track. Since this transmission system is intended for high speed tracked vehicles, the question is how the vehicle responds to the driver steering input with such a steering system. Some specifics of the steering kinematics of a tracked vehicle pointed out in this paper, and the compliance of the TITR transmission system with them, give proofs  that the TITR transmission system benefits the efficiency in steering and its effectiveness. Some of the results obtained by field tests of a TITR transmission, show the vehicle ability to follow a given path and the amount of power losses in steering estimated by the increase of the temperatures of the oil and friction elements. 


2 Some specifics of tracked vehicles steering kinematics


� EMBED CDraw5  ���       


 Figure 2: Steering kinematics


2.1. Steering zone


A tracked vehicle performs steering due to the difference between the track speeds, Figure 1. The essential of the steering kinematics of a tracked vehicle is described by the following relations:
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where� EMBED Equation.2  ��� is the steering radius divided by the half of the track distance and � EMBED Equation.2  ��� is the kinematic ratio of the steering mechanism (� EMBED Equation.2  ���). If the kinematic ratio  of the turning mechanism is equal to zero (l0=0), the vehicle performs symmetrical steering, and if   l0=1, the vehicle performs asymmetrical steering.





Whatever the turning mechanism is, the interior track speed decreases when a vehicle performs steering, and the decrease of the interior track speed indicates the wideness of the steering area, i.e. the area which the vehicle covers, while performing steering, from straight ahead motion to a determined radius. The minimum value of the interior track speed outlines a steering area which could be called steering zone of the transmission [1]. So, the wideness of the steering zone is:





 � EMBED Equation.2  ��� 				        	           (2)





where v1k is the minimum value of the interior track speed and rk is the minimum value of the steering radius (kinematic turning radius). The smaller a kinematic radius is, the larger is the steering zone. The wideness of the steering zone obviously depends on the turning mechanism, i.e. on the transmission.
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            Figure 2: Steering ratio


Steering ratio





Using relations (1), the ratio between the outer track speed and the inner track speed, named steering ratio, can be established:
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Figure 3: Wideness of the steering zone for asymmetrical (left) and symmetrical (right) steering


The steering ratio depends on the steering radius. Thus, for the whole steering area,  its value varies from one to infinity. The vehicle cannot use the whole steering area at any speed, since the steering  radius  of a tracked vehicle at higher speed is limited by its stability.  Therefore, a steering area should defined for every speed range. Its  wideness should be in conformity with the needs of a tracked vehicle. Otherwise, the performances of the vehicle would be affected in various ways. The division of the steering area means that a certain number of kinematic radii should be set into the transmission. For instance, a reasonable division of the steering area could be the one shown in Figure 2 [1,2]: for a speed range 10 to 5 km/h to the radius of 5 m; for a speed range 15 to 25 km/h to the radius of 10 m, for a speed range  of 25 to 40 km/h to the radius of 25 m, etc. As it is obvious, there is a great difference of the steering ratio value for different parts of the steering area. For instance, for a kinematic radius of 5 m the difference between the outer track speed and the inner track speed is almost 80%, and for a radius of 25 m, the difference between tracks speed in steering is about 11 %. The steering ratio rapidly decreases with the increase of the steering radius. These characteristics of the steering kinematics of a tracked vehicle represent the requirements for a transmission, which are not easy to comply with.


 


Wideness of the steering zone





The difference of the steering ratio for different parts of the steering area indicates also a difference of the steering zone. In Figure 3 the wideness of the steering zone is presented for speed ranges of 15 to 25 km/h and  25 to 40 km/h, for both asymmetrical and symmetrical steering. As it is obvious, the widness of the steering zone decreases with the increase of the speed range for both symmetrical and asymmetrical kind of steering. On these diagrams an important fact can be seen concerning the tracked vehicles steering problem. There is a very small variation of the inner track speed while steering from straight ahead to greater radii. For instance, at 25 km/h the inner track speed decreases only 0.9 km/h while steering symmetrically from straight ahead to 40 m radius.  At 40 km/h the decrease of the inner track speed is 1.4 km/h. Although it doubles for asymmetrical steering, it is still very little change of the inner track speed. 





Concerning the steering area for greater radii and higher speeds, two conclusions can me made on the bases of this analyses: First, due to the small variation of the track speed while steering, the control of the vehicle could be difficult without a kinematic turning radius set into this steering area. Thus, whatever the transmission system is,  the steering zone should correspond to the speed range, i.e. it should decrease  with the increase of the speed range. Secondly, small variation of the track speed in steering in this area will cause a poor operating efficiency in steering [2]  if there is not an appropriate  kinematic radius, i.e. if the steering zone is too large. Therefore, a kinematic turning radius in the steering area above 20 m, i.e. an appropriate (narrow) steering zone, would considerably improve the performances of the transmission. 





Since the wideness of the steering zone depends on the transmission, unfortunately it is not possible to set a variable steering zone with every transmission system.





3  Steering kinematics  of the TITR transmission system and its benefits





Steering kinematics of the TITR transmission system





The Transmission with Independent Turning Radii (TITR) is a transmission concept, Figure 1,  which enables to put a kinematic turning radius wherever we want into the steering area, Figure 2, so that we can set an appropriate steering zone for every speed range. 
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Figure 4: Steering zones of the TITR transmission system





In Figure 4 the arrangement of the steering zones of the TITR transmission is shown. There are 5 speed ranges (5 gears) provided by the straight ahead gearboxes and each gear has an appropriate kinematic radius provided by the steering gearbox integrated in a complex gearbox (Figure 1). In this way,  an appropriate steering zone is set for every speed range and its wideness decreases progressively with the increase of the speed range, (Figure 4 - � EMBED Equation.2  ���).





The TITR transmission system is the exact response to the choice of the speed ranges and to the division of the steering area made above. Thus, the TITR transmission kinematics complies with the steering kinematics of a tracked vehicle, which brings considerable advantages concerning the efficiency characteristic and operating efficiency in steering [1,2], and the effectiveness as well.





3.2 Efficiency characteristic in steering





Since steering with the TITR transmission system is performed by sliding of friction elements, the efficiency characteristic in steering is proportional to the inner track speed change through the steering zone which spreads from the straight line to a kinematic radius.  However, the steering is performed in two stages: the first one with the straight ahead gear being disengaged, and the second one with the steering gear being engaged. 





For the first stage the efficiency characteristic in steering represents the ratio between the inner track speed in steering and in straight ahead motion:
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Since we are interested in the efficiency in the steering zone, i.e. in the change of the inner track speed from � EMBED Equation.2  ��� to � EMBED Equation.2  ���, the relation (4) can be transformed into:
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The obtained relation represents the efficiency characteristic in steering for the first part of the steering zone, i.e. while disengaging the straight ahead gear. This part of the steering zone for lower speeds is very narrow and in practice it passes quickly. On the other hand, at higher speed the vehicle reacts at any change of the force acting on the tracks. 





� EMBED Excel.Chart.5 \s ���


The first stage ends when the interior gearbox is completely disengaged and the vehicle turns at  a free steering radius because the inner track at that moment does not get any active force. The value of this radius depends on the speed and the type of soil. The second stage of the steering starts at the beginning of the engagement of the steering (lower) gear, and the efficiency characteristic in steering is:
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After some transformation we can get the relation:
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�Figure 6: Efficiency  in steering for the 4th  speed range





Figure 5: Efficiency  at the beginning of the steering zone


which represents the efficiency characteristic in steering through the steering zone, while the second stage is performed, i.e. while the steering gear is being engaged. At the very beginning of the steering zone (� EMBED Equation.2  ���), following relation (7), the efficiency characteristic will be:
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which is inversely proportional to the steering ratio (relation (3) and Figure 2). 





Relation (8)  indicates the influence of the kinematic radius value on the efficiency characteristic in steering, Figure 5.  Greater is the kinematic radius better will be the efficiency characteristic. 





The free choice of the kinematic radii enabled by the TITR transmission is especially favourable  for higher speed ranges, because it provides excellent efficiency characteristic, due to the insignificant slipping while steering, as for instance in the case of the 4th speed range, Figure 6. Here the efficiency characteristic is shown for both stages, through the whole steering zone, by using relations (5) and (7).





As it is obvious, the efficiency characteristic in steering is a result of the transmission steering kinematics. However, the power losses depend on the power flow throughout the transmission as well. The limited extension of this paper does not allow elaboration of this problem in further details, although some comments are given in the next section. 





The transmission kinematics also affects the effectiveness, especially in steering at greater radii, which has been proved by the results presented in the section below. 





4 Field test results concerning the transmission effectiveness and 


    power losses 





�EMBED Unknown���


Figure 7: TITR transmission measurements during the field tests


The TITR transmission developed for repowering the T 72 tank was matched with an engine of  735 kW and mounted on an experimental vehicle whose weight was adjusted   to 33 t to get a high power-to-weight ratio (about 22 kW/t). 





The vehicle was prepared for the testing of the transmission effectiveness in steering and power losses. For that sake the following measurements were taken, Figure 7:


Engine speed (ne), Left side speed (nl), Right side speed (nd)


Engine torque (Me), Left side torque (Ml), Right side torque (Md)


Temperatures on the surface of the engaged friction elements (TF1, TF5, TF6), Oil temperature at the exit of the gearboxes (Tou) and at the entrance to the gearbox (Toi),


Oil pressures for control of the clutches (p1, p2, p3) of  both gearboxes.
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Figure 8: Steering test path for the 3rd and  4th gear  





The effectiveness of the transmission in steering was tested by guiding the vehicle on marked paths of various radii values, greater than the kinematic radii. Some of the most significant results for the 3rd and 4th gear will be considered in the further text.  For these gears, the paths were as shown in Figure 8.





Driving at the kinematic radii was interesting concerning the power flow through the transmission. However, due to the limited extend of this paper, that problem will not be elaborated here. Thus, the results concerning the vehicle ability to follow a given path in the field are presented below. For that purpose, driving on a radius greater than the kinematic radius is most significant. The radii of the chosen paths were at the same time assumed as max. power losses radii (25 m for the 3rd gear and 40 m for the 4th gear). For evaluation of the power losses, the temperature on the friction element surface and the oil temperature were measured at the entrance and at the exit of the circled path .
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Figure 9: Records taken in steering during the field tests 





Figure 9 shows some records of the field tests in steering. In the 3rd gear,  for steering at the kinematic radius, the vehicle enters the steering zone at max. engine speed (2000 min-1). Although the vehicle has a great power to weight ratio (22kW/t), and there is an asymmetrical steering system, it loses  about 10% of the speed because the steering radius is small (10.3 m). The average speed of the vehicle is 19.4 km/h. The difference between the outer track and the inner track speed represents the steering radius of the vehicle. 





The next diagram shows steering in the 3rd gear on a radius of 25 m, which is mach greater than the kinematic radius. Here the driver follows the path smoothly. He enters the steering zone carefully, at moderate speed - about 1750 min-1 engine speed,  and loses 25% of the speed because the vehicle lacks power. The path is followed precisely and steadily by control of the force acting on the inner tack, i.e. by control of the oil pressure of the corresponding clutch. The average speed is 17.7 km/h. Some drivers took the same path at full speed and could follow the path with satisfying precision, but  with less smoothness.





The third diagram shows steering in the 4th gear on a path with a radius of 40 m. The vehicle enters the steering zone at 38.5 km/h (at 1800 min-1 engine speed) and loses about 20% of the speed. The steering ratio for such a steering is only 1.06 (Figure 2), i.e. the decrease of the inner track speed is about 2.5 km/h (Figure 3). So, between the straight line and the radius of 40m, the driver has only 2.5 km/h decrease of the inner track speed to control, by controlling the inner track force. At a lower speed the driver could follow the path precisely and smoothly, but as it is shown in this diagram, the vehicle is successively straightened  and steered sometimes even to the kinematic radius and in that way the vehicle follows the path with a satisfying precision. Therefore, it is important to set a great kinematic radius for this speed range, because it helps handling of the vehicle. 





Concerning the power losses, registered was only an increase of the friction elements temperature  of by 10 to 18 0C while steering in the 3rd gear on the path with a radius of 25m. While steering in the 4th gear at 40m radius, there was no indication  of any increase of the temperature of the friction elements and oil. Due to the great kinematic radius for this gear, the power losses in steering are insignificant. 








5 Conclusion





The Transmission with Independent Turning Radii, as a transmission system for tracked vehicles, enables to set a transmission kinematics for better compliance with the steering kinematics of a high speed tracked vehicle. It turns the non-kinematic  steering principle into a more appropriate one for high speed tracked vehicles. Therefore, as a mechanical alternative,  it brings significant  improvement of the efficiency in steering and of the effectiveness as well. Applying this transmission concept  with an inventive synthesis and design, led us to a transmission for high speed tracked vehicles whose small dimensions and weight enable a power train of a high power density.
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